1. Introduction {#s0005}
===============

Genome editing technologies including zinc finger nuclease (ZFN), transcription activator-like effector nuclease (TALEN) and clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (CRISPR/Cas9) system have been opening up a new era of treatment through precision genome surgery. Compared to ZFN and TALEN, CRISPR/Cas9 has been widely viewed as the preferred candidate for its superior efficiency and specificity, which also comes with a lower cost and does not require dedicated enzyme engineering \[[@bb0005],[@bb0010]\]. Originated from bacterial adaptive immune system \[[@bb0015]\], the CRISPR/Cas9 system comprises a Cas9 endonuclease and a guiding CRISPR RNA (crRNA) to which a trans-activating crRNA (tracrRNA) binds and forms an activated complex. These two short RNAs can also be optimised and combined into one single-guide RNA, or sgRNA. The Cas9 endonuclease then recognises specific region of the target DNA as guided by the sequence of the crRNA, resulting in DNA cleavage or double-strand breaks \[[@bb0020]\]. Depending on the usage, the cellular DNA repair mechanism can undergo non-homologous end joining (NHEJ) or homology directed repair (HDR). NHEJ is error-prone that can result in small insertions or deletions (indels) in target sites, causing interruption or elimination of the function of the cleaved genes. In contrast, HDR utilises a homologous repair template to achieve high fidelity genome correction, which can potentially correct innate disease-causing errors of genes. The utility of CRISPR/Cas9 system was initially recognised as a valuable and powerful research tool to understand the casual roles of specific genetic variations, instead of relying on disease models where only a particular disorder is phenocopied \[[@bb0025]\]. Like other genetic modification techniques such as RNA interference, the potential of this precise genome editing technology as a novel therapeutic strategy has been explored in many diseases, including pulmonary disorders.

Majority of lung congenital diseases, such as cystic fibrosis (*CF*) and α-1 antitrypsin deficiency, are caused by monogenetic mutation, rendering the use of precision genome-editing tool like CRISPR/Cas9 an attractive idea. Moreover, the high prevalence of lung cancers and refractory obstructive respiratory diseases like asthma and chronic obstructive pulmonary disorder remains an enormous socioeconomic burden to even the more developed countries, representing a gargantuan unmet medical need \[[@bb0030], [@bb0035], [@bb0040]\]. For further details on genome-editing biomacromolecules for lung genetic disorders, the readers are referred to the article by Wan and Ping in this theme issue \[[@bb0045]\].

Pulmonary delivery of therapeutic genes by inhalation demands the biopharmaceuticals to be delivered in the form of an aerosol, which requires delicate formulation engineering and manufacturing. There have been rapid progresses occurring in the development and understanding in various aspects including the identification of genome targets, optimisation of delivery vectors and transfection efficiency, reduction of off-target effects and improvement in safety profile. Consequently, the lack in the development of CRISPR/Cas9 formulations suitable for inhalation has become one of the major obstacles in translating genome-editing therapeutics to clinical applications.

This review began with an overview on the possible administration routes of gene therapy for pulmonary diseases and the pathophysiological factors that affect aerosol deposition in the lungs. It is followed by a detailed discussion on the current development of two most promising inhalable formulations applicable to the delivery of genome-editing therapeutics, namely liquids for nebulisation and inhalable dry powders. The scope of this article does not include strategies of engineering CRISPR/Cas9 delivery systems as they have already been reviewed \[[@bb0010],[@bb0050],[@bb0055]\]. Instead, we focus on inhalable formulations involving naked (without any delivery vector) or chemically modified genes, and non-viral delivery systems. Viral delivery systems exhibit high transfection efficiency \[[@bb0060]\], but they have been associated with limited loading size and, more critically, potentially fatal immunogenic and carcinogenic effects \[[@bb0065]\]. As currently there is only one published study on the development of formulation of CRISPR/Cas9 therapeutics for inhalation \[[@bb0070]\], this review will be a forward-looking article, outlining the present development of some closely related formulations for inhalation of biologics such as genes and proteins, with an emphasis on their design and preparation methods and their relevance for genome-editing agents.

2. Routes of administration of gene therapy for pulmonary disorders {#s0010}
===================================================================

Due to the relative ease of administration and simple formulation design, systemic administration of genome-editing agents for lung diseases are widely used in animal models, especially in those aiming to demonstrate the therapeutic potential of editing certain genomes in proof-of-concept studies \[[@bb0075]\]. However, systemic administration faces numerous critical challenges for *in vivo* applications \[[@bb0050]\], due to the stability of genome-editing complexes and their potential degradation by serum nucleases and proteases and rapid renal clearance. While complexation with delivery vectors often partially alleviate the otherwise poor pharmacokinetics, retention of the complexes in the lung often remains suboptimal. Intravenously injected genetic materials are distributed to different organs in the body such as kidney, liver and spleen \[[@bb0080]\]. They also reach and accumulate in the alveolar region rather than the ciliated epithelial cells in the bronchi. An implication of which is the potential limitation of intravenous administration in treating some pulmonary genetic disorders such as *CF*, since cystic fibrosis transmembrane conductance regulator (CFTR), the mutation of which causes *CF*, is primarily expressed in bronchi.

Some of these challenges can be partially mitigated by the local administration of gene-editing therapeutics as aerosols through oral inhalation to the lungs. It enables genes, either in its naked form or complexed with delivery vectors, to be delivered directly and rapidly to the target cells in the lungs at a high concentration with reduced systemic exposure \[[@bb0085]\]. Local delivery also allows non-invasive access to the lungs and minimises the interactions between genes and serum proteins \[[@bb0090],[@bb0095]\]. In fact, the large alveolar area with high vascularisation, coupled with its thin air-blood-barrier \[[@bb0100]\] and relatively low enzymatic activity, also render pulmonary administration a viable alternative for systemic treatments. In spite of these advantages, the development of inhalable genome-editing therapeutics has been relatively slow due to the complexity involved.

For drugs to be administered through inhalation, they must be formulated into either a liquid or solid aerosol. It follows that the aerosol properties of the formulations need to be precisely controlled for efficient delivery aerosols to the lungs. In pharmaceutics, one of the most relevant measurements of aerosol properties is aerodynamic diameter. The aerodynamic diameter of a single particle is defined as the physical (geometrical) diameter of a spherical particle with density of 1 g cm^−3^ that has the same settling velocity in air as the particle in question. It is well known that in general inhaled particles with aerodynamic diameter of 1 to 5 μm are suitable for respiratory delivery, whereas lung deposition decreases outside this range either due to impaction loss of large particles in the oropharynx or exhalation of small particles, depending on the inspiratory flowrate and pausing \[[@bb0075],[@bb0105]\]. In patients with obstructive airway diseases such as *CF*, aerosols with aerodynamic diameter of 2 to 3 μm is considered to provide the greatest therapeutic benefit \[[@bb0110]\]. The aerodynamic size distribution of an aerosol (*i.e.* a collection of individual particles) can be measured by cascade impactors in tandem with suitable dispersion devices such as nebulisers or dry powder inhalers (DPI). Cascade impactors segregate particles according to their aerodynamic diameters through the principle of inertial momentum. There are two main derived statistics of aerodynamic size distribution, namely the mass median aerodynamic diameters (MMAD) and fine particle fraction (FPF). MMAD refers to the aerodynamic diameter under (and also above) which half of the particles by mass reside, whereas FPF refers to the fraction of particles (by mass) that are fine, the threshold of which is usually taken as 5 μm. Hence, FPF is often regarded as the respirable fraction of a formulation for inhalation. While commercially available DPIs had an FPF of about 5% to 40% \[[@bb0115],[@bb0120]\], a higher FPF value should be targeted for expensive biomolecules in order to reduce variation in lung deposition \[[@bb0125]\] and minimise drug wastage. In evaluating the aerosol performance of formulations for inhalation, it should be emphasised that *in vivo* animal models have limited utilities for such purpose due to significant anatomical and physiological differences between species. Moreover, the different methodologies for pulmonary drug delivery to animals each possess their own strengths and limitations \[[@bb0130]\]. For example, aerosol administration *via* passive inhalation such as whole-body exposure or head- / nose-only exposure systems spare the animal from anaesthesia, yet an accurate control over the delivered dose can be difficult to achieve. Intratracheal administration allows the delivery of a controlled amount of drug, but it might be technically more demanding particularly in smaller animals such as mice. Given these limitations, *in vivo* animal models should be primarily used to demonstrate the safety, efficacy and possibly pharmacokinetics of the formulations.

In addition to aerodynamic diameter, other particle physicochemical properties such as size, charge, density and surface composition can influence the fate of drug deposition and cell uptake in the lungs \[[@bb0110]\]. Furthermore, a therapeutic gene formulation must remain inhalable, with sufficient stability and aerodynamic properties during storage and use \[[@bb0135]\]. Only through the intricate engineering of the biomolecules, excipients in the formulation and the delivery device can a safe and efficient delivery be achieved, yet the final clinical outcomes of which is also inevitably affected by the lung pathophysiology of the patients. As only a limited number of studies in this field has been reported, the following sections will primarily leverage on the prior art in inhaled gene therapy and its potential application for the aerosol delivery of CRISPR/Cas9-based platforms.

3. Pathophysiological factors influencing aerosol delivery of genes in the lungs {#s0015}
================================================================================

Despite numerous advantages afforded by pulmonary administration, successful aerosol delivery of biopharmaceuticals including CRISPR/Cas9-based therapeutics remains highly challenging. There exist several major anatomical and physiological barriers that prevent the successful delivery genome editing *via* inhalation to the lungs \[[@bb0095],[@bb0140]\]. Firstly, oropharyngeal deposition of orally inhaled aerosol particles must be avoided to maximise lung deposition. The highly bifurcated anatomy of the lung together with the constricting airway down the respiratory tract serve as an effective structural barrier to prevent penetration of large particles to the lower respiratory tract \[[@bb0105]\]. Secondly, the mucus lining secreted by the epithelia has been considered as another major barrier in aerosol delivery. Airway mucus is primarily composed of a gel-type mucin fibre that contains a high density of negatively charged macromolecules \[[@bb0145]\]. As most nanocomplexes of genes and delivery vectors are cationic, they are prone to accumulation in the mucus layer *via* a manifold of interactions. These interactions, including hydrophobic forces, hydrogen bonding and electrostatic interactions, not only impair the colloidal stability of vectors and reduce their delivery efficiency, but also make the gene molecules in the cargo vulnerable to degradation by the surrounding nucleases \[[@bb0145]\]. Thirdly, the situation is further complicated by the disease state, for instance, patients suffering from *CF* have an accumulation of abnormally thick and stick mucus due to the lack of CFTR functions. Their airways are often found inflamed and infections are commonplace. As a result of the constricted airways, turbulent flow is enhanced which reduces the average travel distance of aerosol particles. Aerosol particle deposition is hence affected as it is more probable for the particles to deposit earlier on large airways by local turbulence \[[@bb0150]\], making peripheral deposition less favourable \[[@bb0155]\]. Paradoxically, diseased regions where drug particles should deposit would also receive less air flow and thus a lower dose as a result of obstruction. Prediction of deposition patterns of inhaled genes in lungs of *CF* patients became less accurate since the airways can differ significantly, depending on the disease states and resulting complications. As stated above, the viscous and dense mucus also act as formidable barriers, further hindering the gene uptake by target epithelial cells \[[@bb0160]\].

Fourthly, in addition to the mucus gel layer, another barrier in the conducting airways is the periciliary layer (PCL) \[[@bb0165]\] ([Fig. 1](#f0005){ref-type="fig"} ). PCL primarily consists of a meshwork of cell-tethered mucins, similar to the mucus gel layer. Upon penetration through the mucus layer, the gene vectors must retain their delivery capacity and stability in the presence of surfactants which are abundant in the airspace of the lungs. Pulmonary surfactant is negatively charged, composed of various phospholipids, cholesterols and surfactant proteins. These anionic components may trigger premature release of gene cargo, or facilitate the aggregation of lipid-based gene delivery vectors because the stability of the cargo and lipid nanoparticle is collapsed and their complexation is disrupted \[[@bb0170],[@bb0175]\]. Fifthly, alveolar macrophages residing in the airspace ([Fig. 1](#f0005){ref-type="fig"}) also constitute yet another barrier that hampers gene delivery through inhalation \[[@bb0180], [@bb0185], [@bb0190], [@bb0195]\]. Several intracellular barriers, such as endosomes and the nuclear envelope, must be overcome during gene delivery after internalisation by the target cells through the judicious use of delivery vectors \[[@bb0200]\], of which the latest development for CRISPR/Cas9 has been thoroughly reviewed \[[@bb0010],[@bb0205], [@bb0210], [@bb0215], [@bb0220], [@bb0225], [@bb0230]\]. Although non-viral vectors often remain inferior to viral vectors in their transfection efficiency at the trade-off for a safer immunogenic profile, systematic and in-depth study on their structure-function relationships can bring about engineered vectors with improved efficacy \[[@bb0235]\].Fig. 1Schematic representation of physiological barriers to pulmonary CRISPR/Cas9 delivery. Particles must first avoid deposition in the oral cavity and at the oropharynx (1) before reaching the airway. Those deposited on the airway epithelium are under the constant elimination by mucociliary clearance (2). Biopharmaceuticals in the particles must penetrate through the surfactant, the mucus lining and periciliary layer that consist of a meshwork of cell-tethered mucins (3) before they can enter pneumocytes. Macrophages are present in alveola to phagocytise foreign particles (4).Fig. 1

Strategies to overcome these physiological barriers for inhaled gene therapy, such as modification of delivery vectors and modulations of barriers, have been proposed and discussed in detail \[[@bb0095],[@bb0240]\]. The incorporation of specific ligands to the vector surface by covalent conjugation or genetic engineering has been widely explored to reduce adhesive interactions with mucus, enhance particle stability, and reduce macrophage uptake, which further endow viral and non-viral vectors the ability to be efficiently internalised by target cells \[[@bb0245], [@bb0250], [@bb0255], [@bb0260], [@bb0265], [@bb0270]\]. The use of mucus-altering agent, including *N-*acetyl cysteine and recombinant human DNase, can increase mucus mesh pore size, thereby facilitating the penetration of gene nanocomplexes through the mucus layer \[[@bb0275],[@bb0280]\]. Meanwhile, the incorporation of osmotic agents to inhaled formulations, such as the use of hypertonic saline and mannitol, can increase mucus and/or PCL mesh pore size by hydration and thus improve mucociliary clearance \[[@bb0285],[@bb0290]\]. Tight junctions disrupting agents, such as sodium caprate, polidocanol and lysophosphatidylcholine, can transiently disrupt tight junctions in the epithelial layer to provide an access to the basolateral surface for gene vectors \[[@bb0295],[@bb0300]\]. These well-established strategies will facilitate the rational design of aerosol inhalation delivery for genome-editing agents.

4. Inhalable formulations of CRISPR/Cas9-based therapeutics {#s0020}
===========================================================

Unlike other routes of administration, pulmonary administration consists of not only the drug formulation but also a suitable inhaler device. Nebuliser, pressurised metered dose inhaler (pMDI) and DPI are the three major types of inhaler device that can disperse liquid (nebuliser and pMDI) or solid (DPI) into inhalable aerosols. Among these devices, pMDI is a common device to deliver potent small molecules like beta adrenergic agonists, inhaled cortical steroids and anticholinergics for the management of obstructive lung diseases. Apart from some early investigations \[[@bb0305], [@bb0310], [@bb0315]\], studies on the delivery of biopharmaceutical by pMDI has been limited due to stability issue of biomolecules as they can degrade in propellants and/or be damaged by the high mechanical shear stress through the MDI nozzle during actuation of the device. The low payload of drug in pMDI also posts another major constrain as biopharmaceuticals like genes and proteins are likely be dosed in milligrams. Consequently, most of the pharmaceutical research on pulmonary delivery of gene therapeutics has been conducted on nebulisation and inhalable dry powder formulations. Since CRISPR/Cas9-based therapeutics can be delivered as cargoes of plasmid DNA encoding Cas9 protein and sgRNA (or crRNA and tracrRNA duplex), RNA (as mRNA encoding the Cas9 protein and sgRNA), or as Cas9 protein-sgRNA complex (ribonucleoprotein RNP) \[[@bb0055],[@bb0320]\], the current development of liquid formulations for nebulisation and powder formulations for inhalation for pDNA, mRNA and proteins are discussed below.

4.1. Nebulisation {#s0025}
-----------------

Nebulisation refers to the process of dispersing liquids into a fine mist of droplets for inhalation. It is often the preferred way of aerosolization for inhaled biopharmaceuticals especially during the initial phase of investigation because it offers several advantages over dry powder formulations. Formulation of a liquid is relatively simple to develop. It eliminates the needs for drying which can be challenging for thermal labile biomolecules. Nebulisation is also suitable for all clinical situations and patients, including paediatric patients or critically ill patients \[[@bb0325]\]. Air-jet, ultrasonic and vibrating mesh nebulisers are the three common types of nebulisers \[[@bb0330]\]. In air-jet nebulisers, compressed air is used to blast the liquid into droplets with sizes controlled by the air flowrate and the presence of baffles to avoid the escape of large droplets. In ultrasonic nebulisers, piezoelectric crystals underneath a liquid reservoir vibrate at ultrasonic frequencies, propagating mechanical energy through the liquid to generate aerosols. Piezoelectric crystals were also used in vibrating mesh nebulisers, in which the ultrasonic vibration is used to drive a mesh plate with many tiny orifices in direct contact with the liquid reservoir, pressuring out a mist of fine droplets. These mechanisms have different significance to the formulations. Due to collection of large droplets by the baffles jet nebulisers often result in drug recirculation in which prolonged nebulisation may impair structural integrity of biopharmaceuticals. Ultrasonic nebulisers may not be suitable because the vibration in piezoelectric crystals usually generate heat which can increase the temperature of the liquid significantly to cause thermal denaturation of biomolecules \[[@bb0335]\]. Vibrating mesh nebulisers generate less heat in the liquid, thus reducing the potential for thermal or chemical degradation. However, nebulisers based on ultrasonic vibration may not be powerful enough to aerosolise formulations of pDNA polyplexes even at a moderate concentration of 0.2 mg/ml, because of high liquid viscosity (at 6.3 ± 0.1 cP, whereas water has a viscosity of 1 cP at 20 °C) \[[@bb0340]\]. Presence of large aggregates in the formulation may also hinder liquid transfer through the micron-sized orifices of vibrating-mesh nebulisers \[[@bb0345]\]. Regardless of the nebulisation principle, *in situ* degradation during aerosolization remains a major formulation consideration for nebulisation, as biopharmaceuticals including CRISPR/Cas9 therapeutics are prone to degradation when exposed to hydrodynamic shear stress \[[@bb0350]\]. Examples of formulation strategies of biomolecules relevant to CRISPR/Cas9 cargoes for nebulisation are presented below.

### 4.1.1. pDNAs {#s0030}

The feasibility of nebulising pDNA into inhalable aerosols was demonstrated over two decades ago, as Schwarz et al., Eastman et al. and other groups reported aerosolization of pDNA conjugated to cationic lipids using jet nebulisers with bioactivity retained both *in vitro* \[[@bb0355],[@bb0360]\] and *in vivo* \[[@bb0365],[@bb0370]\]. These earlier studies emphasised more on the effects of different nebulisation processes on the transfection efficiency of the pDNA lipoplexes. It was shown that the efficiency of transfection decreased over the course of nebulisation, with only about 25% to 35% of initial activity remained at 10 min for both the Aerotech II and the Puritan-Bennett 1600 nebulisers \[[@bb0355]\]. The degradation could be partially mitigated by increasing reservoir volume or decreasing flow rate. With optimisation of the ratio between the cationic lipid carrier and pDNA, it was possible to maintain the integrity of the complex over the nebulisation process \[[@bb0370]\]. Manunta et al. reported the nebulisation of nanocomplexes comprising cationic liposomes containing pDNA and receptor-targeting peptides, named as receptor-targeted nanocomplex (RTN) \[[@bb0375]\]. A total of three nebulisers were tested, and the RTN system was most effective in terms of transfection efficiency when nebulised by the AeroEclipse® II BAN air-jet nebuliser. The deposition pattern of the RTN aerosol in pigs was then visualised using technetium-99 m labelled radiopharmaceuticals \[[@bb0270]\]. It was found that the nebulised radiovectors were primarily deposited in the trachea-main bronchi and in the middle region of the lungs, with the scintigraphy images correlating to the plasmid biodistribution. In a study comparing the performance of four different nebulisers, the breath-actuated AeroEclipse® II nebuliser was also selected as the preferred device in the clinical studies of the pulmonary delivery of the cationic lipid GL67A-conjugated pGM169 plasmid, a CFTR gene therapy in patients with *CF* \[[@bb0380],[@bb0385]\].

Research on formulations for ultrasonic nebulisers also yielded some success \[[@bb0390],[@bb0395]\], with majority of subsequent studies on vibrating mesh nebulisers. Utilising a computational fluid dynamics model, Arulmuthu et al. considered the strain rates at the nozzle exit and demonstrated the feasibility of aerosolising plasmid DNA using MicroAIR® mesh nebuliser with a high (\>10^5^ s^−1^) strain rate \[[@bb0400]\]. Although the supercoiled structure of plasmid DNA was retained for smaller plasmids with size 5.7 kb, disintegration of the supercoiled structure was observed in atomic force microscopy for larger plasmids (20 kb), necessitating the use of transfection agents such as polyethyleneimine to protect the genes by electrostatic interactions. As the expression cassette of SpCas9 plasmid is approximately 4.2 kb in size and the total plasmid size is about 7 to 10 kb after the addition of plasmid backbone and other expression elements \[[@bb0055]\], vibrating mesh nebulisers may be more suitable for nebulising CRISPR/Cas9-based therapeutics. Besides, mannitol (1% w/v) has been shown to protect both the naked pDNA or pDNA conjugated with cell penetrating peptide (CPP) after 4 min of nebulisation. There was an increase in fine particle fraction (\<5 μm) of the bioactive supercoiled pDNA of the former and improved robustness towards shear forces of the latter, as evaluated using both the Next Generation Impactor (NGI) and a modified Twin Stage Impinger with Transwell attached \[[@bb0405]\]. Alternatively, newer form of nebulisers such as the surface acoustic wave nebuliser have improved power efficiency and can be operated at a low power (\<1 W), allowing the aerosolization of pDNA of size 6 kb in its naked form without compromising structural integrity \[[@bb0410]\]. Furthermore, *in vivo* gene expressions of the nebulised pDNA have been demonstrated in mice, rats and sheep.

Zhang et al. recently published the first proof-of-concept study demonstrating the potential of nebulisation of pSpCas9 plasmids \[[@bb0070]\]. In this study, poly(ethylene glycol) (PEG) monomethyl ether with different molecular weights was conjugated chitosan. Chitosan is a natural polymer that has been widely used as a non-viral delivery vector because it is biocompatible, biodegradable and is generally non-toxic even in large doses \[[@bb0415]\]. Its mucoadhesive property has been utilised in oral and nasal gene delivery for vaccination \[[@bb0420]\]. However, this property has become a disadvantage for pulmonary gene delivery especially in *CF* patients where there is a hypersecretion of mucus. The conjugation with PEG monomethyl ether was therefore an attempt to overcome its mucoadhesive property. Results have been encouraging as the PEGylated chitosan/DNA nanocomplexes exhibiting mucus permeation capability in a Transwell assay, which was absent in the chitosan/DNA complexes without conjugation. The plasmids were also protected from both the digestion of DNase I and the shear stress induced by a mesh nebuliser during aerosolization, however, the experimental details regarding nebulisation were not given. The transfection efficiency was demonstrated by *in vitro* assay using HEK293 cell line, even under a slightly acidic environment (pH 6.5 to 6.8) which resembled that of the mucus in the airway. PEGylation was shown to result in a lower cellular transfection efficiency compared to the non-PEGylated counterparts, which was partly attributable to the shielding effect by the PEG molecules. The overall efficiency of the delivery system, however, depends not only on the cellular transfection efficiency but also the stability during aerosolization and the capability of mucus penetration. Regardless, this nontoxic carrier system demonstrated the possibility of inhaled genome editing therapy.

### 4.1.2. mRNAs {#s0035}

Compared to plasmids, the concept of utilising mRNA as a therapeutic agent is relatively new, and therefore studies on the nebulisation of mRNA for pulmonary delivery has been quite limited. Johler et al. investigated the transfection efficiency of nebulised *in vitro* transcribed (IVT) mRNA in human bronchial epithelial cell lines (16HBE), using cationic lipids (Lipofectamine 2000 and DMRIE-C, a 1:1 (M/M) liposome formulation of DMRIE (1,2-dimyristyloxy-propyl-3-dimethyl-hydroxy ethyl ammonium bromide) and cholesterol) and cationic polymers (polyethyleneimine, PEI in branched and linear form) to form lipoplexes and polyplexes, respectively \[[@bb0425]\]. An air-jet nebuliser (PARI Boy®) was used, and it was shown that upon conjugation with these cationic vectors IVT mRNA could resist the shear stress induced during air-jet nebulisation. Nebulisation did not result in a significant reduction in transfection efficiency for the polyplexes. Interestingly, lipoplexes still exhibited a much higher overall transfection rate than the polyplexes despite the significant reduction after nebulisation. This has been attributed to the stronger affinity between polyamines and mRNA which impeded mRNA from the polyplexes and impaired transfection efficiency \[[@bb0430]\]. Neither the cytotoxicity of the cationic complexes nor the duration of protein expression was adversely affected by the nebulisation process. Patel et al. recently reported the use of a chemically engineered hyperbranched poly(beta amino esters) (hPBAEs) as an biodegradable, cationic polymers for the delivery of IVT mRNA by nebulisation \[[@bb0435]\]. Using a vibrating mesh nebuliser (AeroNeb® from Aerogen Inc.) and a whole-body nebulisation chamber, the group achieved a uniform distribution of luciferase mRNA throughout all five lung lobes in C57BL/6 mice 24 h post administration. The nebulised mRNA was highly localised to the lung with no systemic luminescence observed. This first *in vivo* study suggested that nebulised delivery of IVT mRNA may serve as a clinically relevant delivery system to lung epithelium. The delivery vectors and nebulisers used to nebulise pDNA and mRNA were summarised in [Table 1](#t0005){ref-type="table"} .Table 1Delivery vectors and nebulisers used in selected studies on nebulisation of plasmid DNAs and mRNAs.Table 1GenesDelivery vectorsNebulisersReferencePlasmid DNApCMV-βGalDMRIE/DOPEAerotech II, Puritan-Bennett 1600\[[@bb0355]\]pCMV-βGalGL-53, GL-67/DOPEPuritan-Bennett Raindrop, Pari LC Jet Plus\[[@bb0365]\]pCMV-CATDOTMA/CholesterolOmron NE-U-07B\[[@bb0390]\]pCF1-CATGL-67/DOPE/DMPE-PEG~5000~Puritan-Bennett Raindrop, Pari LC Jet Plus\[[@bb0370]\]pCMV-PGH, pRSV-PAPDOTMA/DOPE, DC-Chol/DOPEPari LL Jet nebuliser\[[@bb0360]\]pCMV- βGalGLB 73, NL 177/DOPEAir Medica DP 10 ultrasonic nebuliser\[[@bb0395]\]gWIZ™ GFP, pQR150NakedOmron MicroAIR® NE-U22\[[@bb0400]\]pEGFP-N1DHDTMA/DOPEAeroEclipse II BAN\[[@bb0270],[@bb0375]\]pVR1020NakedSurface acoustic wave nebuliser\[[@bb0410]\]pCFTRGL-67AVarious, AeroEclipse II BAN\[[@bb0340],[@bb0380]\]pSpCas9PEGylated chitosanAerogen Solo\[[@bb0070]\]pEGFPCell penetrating peptideOmron MicroAIR® NE-U22\[[@bb0405]\]mRNAMetLuc, eGFPDMRIE/cholesterolPari Boy nebuliser\[[@bb0425]\]LuciferasehPBAEsAerogen AeroNeb\[[@bb0435]\][^1]

### 4.1.3. Proteins {#s0040}

Pulmonary delivery of therapeutic proteins has always been of high therapeutic interest primarily because of its non-invasiveness and reduced degradation activity, when compared with other administration routes such as systemic injection and oral administration \[[@bb0440]\]. Dornase alfa, a recombinant human DNase indicated for patients with *CF*, was the first and only protein being approved by pulmonary delivery for local therapeutic effects in the lungs. Since its use in 1993 as an adjuvant therapy, the qualities of life of the patients have been drastically improved. Currently, more than 18 inhaled protein therapeutics have reached clinical trials, with indications on both major respiratory disorders such as asthma and pneumonia and rare or orphan lung diseases like *CF* and alpha-1 antitrypsin deficiency \[[@bb0325]\]. While the design of formulations suitable for nebulisation of proteins is highly protein specific \[[@bb0445]\], the formulations can remain relatively simple. By utilising surface acoustic waves, simple aqueous solution of epidermal growth factor receptor (EGFR) monoclonal antibodies at 200 μg/ml can be readily nebulised into fine aerosols with a mass median aerodynamic diameter of about 1.1 μm as measured by the NGI \[[@bb0450]\]. The protein integrity after nebulisation was evaluated qualitatively using gel electrophoresis. Flow cytometry with A549 cell lines showed that the antigen binding capability of the antibody was retained, and phosphorylation in A431 human epidermoid carcinoma cells overexpressing EGFR was reduced. On the other hand, commercially available preparation of interferon-γ for injection (Imukin® from Boehringer Ingelheim) could be directly nebulised using two types of vibrating mesh nebuliser without sacrificing structural integrity and bioactivity \[[@bb0455]\]. The post-nebulisation stability of the protein was assessed by both gel electrophoresis and *in vitro* assay. The overall strategies employed in stabilising monoclonal antibodies may well be adapted and optimised for Cas9 nuclease formulations \[[@bb0460]\]. Surfactants act through replacing protein molecules at the air-liquid interface during nebulisation \[[@bb0465],[@bb0470]\]. Sugars, such as trehalose and mannitol, as well as polyethylene glycols (PEG) stabilise proteins by steric hindrance, hence preventing protein aggregations \[[@bb0325]\]. The role of amino acids in improving stability of protein formulations has also been well recognised, although the actual stabilising mechanisms remain to be elucidated \[[@bb0475]\].

4.2. Dry powder formulations {#s0045}
----------------------------

Whilst nebulisation, due to its simple formulation design, remains the obvious choice for many scientists utilising genome-editing as a research tool to study genetic disorders or explore novel therapeutic options, inhalable dry powder formulations are preferable from the patient usage perspective. Solid aerosols offer distinct advantages over their liquid counterparts in providing i) better chemical stability of the biomolecules, ii) less transport and storage costs, and iii) versatilities in the design of formulations by advanced particle engineering techniques to serve a variety of product criteria. Clinically, dry powder inhalers (DPI) are often better accepted by patients because they do not require an external power source, small in size and relatively easy to use. The use of nebulisers has also been discouraged, especially in an clinical setting for patients with respiratory diseases or infection, because of its potential risk of spreading air-borne pathogens including the severe acute respiratory syndrome-related coronavirus (SARS-CoV) \[[@bb0480], [@bb0485], [@bb0490]\] and potentially the SARS-CoV-2 outbreak from Wuhan, China. The formulation challenges in fabricating biopharmaceuticals into inhalable dry powders arise from various aspects. As the bioactivities of nucleic acids or proteins solely tie to their intricate structures that are prone to chemical denaturation and thermal or mechanical stresses, not all manufacturing processes are suitable. These biopharmaceuticals also differ from small potent molecules such as inhaled cortical steroids or bronchodilator that they have to be administered at high drug doses (often in milligrams), potentially necessitating high-performance powder formulations and inhalers \[[@bb0495], [@bb0500], [@bb0505]\]. As in liquid aerosols, the dry powders must also exhibit proper aerodynamic and physical properties for them to be suitable for inhalation, which is further complicated by the scant excipients approved for use in formulations for pulmonary administration. Lastly, these biomolecules are often costly to manufacture and thus a cost-effective manufacturing process with high recovery yield is highly preferred.

Among the different techniques for manufacturing inhalable powders of biopharmaceuticals, spray drying (SD), spray freeze drying (SFD) and supercritical fluid (SCF) drying are the three methods that have been mostly investigated \[[@bb0510],[@bb0515]\]. SD involves atomising a feed solution into a fine spray followed by drying of droplets in one single continuous step. Different process parameters can be fine-tuned to achieve the desirable particle attributes. As standardised spray dryers are available at various production scales, spray drying represents a popular drying process to pharmaceutical manufacturing \[[@bb0520]\], including inhalation products of insulin and mannitol. SFD consists of atomisation of the feed solution into a cryogen, followed by lyophilisation of the frozen droplets \[[@bb0525]\]. The porous nature of the resultant particles improves their aerosol performance by their low density and surface roughness. On the other hand, SCF drying utilises mostly supercritical carbon dioxide as an anti-solvent to precipitate biomolecules that have been dissolved in a miscible polar organic solvent such as alcohol.

Given that there have been no published reports on the preparation of dry powder formulations of CRISPR/Cas9-based therapeutics for inhalation, the following sections shall focus on published literatures on inhalable dry powder formulations of biopharmaceutics that are highly relevant to the delivery of CRISPR/Cas9 systems, namely plasmid DNA, RNA and protein.

### 4.2.1. pDNAs {#s0050}

The first reported respirable formulation of pDNAs could be dated back to 2002, when Seville et al. proposed the feasibility of utilising SD to manufacture respirable powders of pDNA conjugated with a non-viral lipid-polycation delivery vector \[[@bb0530]\]. Subsequently, the effects of non-condensing sugars \[[@bb0535]\] or amino acids \[[@bb0540], [@bb0545], [@bb0550]\] on improving the spray dried powder dispersibility and pDNA stability have been reported. During the same period, Okamoto et al. in Japan began their investigation on employing SCF drying to prepare inhalable dry powder of pDNA. They reported the preparation of chitosan-pDNA complex powders by SCF drying \[[@bb0555]\], and later confirmed their improved pDNA stability during manufacturing and storage for up to 4 weeks \[[@bb0560]\]. The *in vivo* pulmonary delivery and gene expression upon the administration of the pDNA powders in mice was then evaluated using fluorescent label pDNA \[[@bb0565]\]. On the other hand, while the potential of preparing pDNA dry powder by SFD has been briefly explored by Kuo et al. in 2004 \[[@bb0570]\], it was not until several years later when Mohri et al. attempted to develop and optimise the formulations of chitosan-conjugated pDNA \[[@bb0575]\]. Subsequent investigations focused on studying the effect of bovine serum albumin and the amino acid leucine as lyoprotectant during freeze drying \[[@bb0580],[@bb0585]\], as well as the use of alternative biodegradable polycation as the transfection vector \[[@bb0590]\]. Liang et al. compared the performances of inhalable dry powders of pDNA conjugated to cationic pH-responsive peptides prepared by SD and SFD, with a more thorough evaluation on their aerodynamic properties \[[@bb0595]\]. The *in vitro* transfection bioactivity of the powders was also demonstrated. Ito et al. recently reported that high *in vivo* gene expression level could be achieved even by naked pDNA powder by SFD using low-molecular-weight hyaluronic acid (LHA) as an excipient \[[@bb0600]\]. Possible reasons included the presence of a specific intracellular uptake mechanism *via* a receptor, and LHA exhibits favourable inhalation characteristics as an excipient for inhalation powder. The storage stability of this formulation in terms of aerosol performance and gene expression has also been recently demonstrated \[[@bb0605]\]. The aerosol performance, the structural integrity and the *in vivo* gene expression activity of the powders under 25 °C and a dry condition were found to be stable over a storage period of up to 12 months. As efficient and safe gene delivery vectors are still much sought-after, the abolishment of transfection agents desirably eliminated their associated toxicities.

### 4.2.2. mRNAs {#s0055}

The other form of CRISPR/Cas9 therapeutics is the administration of mRNA that encodes Cas9 nucleases. In contrast to pDNA, only limited studies on formulating RNAs into dry powders for inhalation have been reported. Most of these studies investigated powder formulations of short interfering RNA (siRNA), a non-coding double-stranded RNA consisting 20--25 base pairs that silences gene expression through RNA interference (RNAi) \[[@bb0610],[@bb0615]\]. Inhalable siRNA dry powders have been successfully engineered using SD \[[@bb0620], [@bb0625], [@bb0630], [@bb0635], [@bb0640]\], SFD \[[@bb0645], [@bb0650], [@bb0655], [@bb0660]\] or SCF drying techniques \[[@bb0665]\]. Both the *in vitro* and *in vivo* bioactivity have been retained, and satisfactory aerosol performance demonstrated. While some of these formulation strategies can potentially be applied in developing inhalable dry powder formulations of RNA-based CRISPR/Cas9 therapeutics, it should be noted that the fundamental structural differences between siRNA and mRNA or sgRNA, particularly in terms of their length and strandedness, could be decisive to the success of RNA powder formulations.

Recently, Qiu et al. have successfully formulated and reported the first inhalable mRNA dry powder by both SD and SFD \[[@bb0670]\]. PEGylated synthetic cationic KL4 peptides were used as the transfecting agent through electrostatic interactions with the negatively charged mRNAs. While there was no specific optimisation on the drying conditions, by adopting the operation parameters developed for siRNA formulations \[[@bb0620],[@bb0645]\], the bioactivity of the peptide/mRNA complexes were preserved upon drying using both techniques. Using a luciferase mRNA as the model gene, intratracheal administration of the peptide/mRNA complexes dry powder resulted in luciferase expression in the deep lung region of mice 24 h post transfection. The powders also exhibited satisfactory aerosol performance, demonstrating a fine particle fraction (fraction of particles with aerodynamic diameters of 5 μm or below) of 41% and 68% for the spray dried powders and the spray freeze dried powders, respectively. Importantly, the powder formulations did not show signs of inflammation in the lungs. This study served as a milestone in demonstrating the feasibility and potential of formulating mRNA therapeutics into inhalable dry powders. Delivery vectors, excipients and preparation methods used to prepare powder formulations of plasmid DNAs and mRNAs which are relevant for pulmonary delivery of CRISPR/Cas9 were summarised in [Table 2](#t0010){ref-type="table"} .Table 2Delivery vectors, excipients and preparation methods used to prepare powder formulations of plasmid DNAs and mRNAs which are relevant for pulmonary delivery of CRISPR/Cas9.Table 2GenesDelivery VectorsExcipientsPreparationReferencePlasmid DNApCMV-LucChitosanMannitolSCF\[[@bb0555],[@bb0560]\]pCMV-LucChitosanMannitolSFD\[[@bb0575]\]pCMV-LucChitosanLactoseSCF\[[@bb0565]\]pCMV-LucDOTAP; CholesterolBovine serum albumin, leucine, mannitolSFD\[[@bb0580]\]pEGFP-N1DOTAP, protamine sulphateLactoseSD, FD\[[@bb0530]\]pEGFP-N1DOTAP, protamine sulphateLeucine, lactoseSD\[[@bb0540]\]pEGFP-N1DOTAP, protamine sulphateArginine, aspartic acid, phenylalanine, threonineSD\[[@bb0545]\]pEGFP-N1DOTAP, protamine sulphateDimethyl-β-cyclodextrin, sodium taurocholate, carnitine hydrochloride, trehaloseSD\[[@bb0550]\]pEGFP-N1Low molecular weight chitosanLactose, leucineSD, FD\[[@bb0855]\]pSG5*lacZ*PEIMannitol, sucrose, trehaloseSFD\[[@bb0570]\]pCMV-LucPEI. PEGSucroseSD\[[@bb0535]\]gWIZ™ LucpH responsive peptidesMannitolSD, SFD\[[@bb0595]\]pCAG-LucPAsp(DET), PEG-PAsp(DET)Leucine, mannitolSFD\[[@bb0585],[@bb0590]\]pCpG-ΔLucNakedHyaluronic acidSFD\[[@bb0600],[@bb0605]\]mRNALuciferasePEG-KL4 peptideMannitolSD, SFD\[[@bb0670]\][^2]

### 4.2.3. Proteins {#s0060}

Similar to genes, the pulmonary delivery of proteins in dry powder form has been of great interest since it allows both the local treatment of respiratory disorders or as a non-invasive route to systemic drug delivery and elimination of risks of biochemical instability in liquid formulations \[[@bb0675],[@bb0680]\]. Earlier investigations include the preparation of recombinant human granulocyte-colony stimulating factor (G-CSF or filgrastim) \[[@bb0685]\] and recombinant human deoxyribonuclease (rhDNase or dornase alfa) \[[@bb0690], [@bb0695], [@bb0700]\] by spray drying. rhDNase is the first recombinant human protein approved for therapeutic use through inhalation with a molecular mass of approximately 37 kDa. It is indicated as an adjuvant therapy for the management of *CF* by hydrolysing the DNA in sputum of *CF* patients and thus reducing sputum viscoelasticity. The development of insulin into inhalable dry powders has also received much attention and continued to be an area of active research \[[@bb0705], [@bb0710], [@bb0715], [@bb0720]\]. It promised to eliminate subcutaneous injection of insulin in patients of diabetes mellitus, and to date there have been two products commercialised (Exubera® from Pfizer and Afrezza® from MannKind Corporation). Nonetheless, it should be noted that comparing to Cas9 nucleases, insulin is substantially smaller with only 51 amino acids and is considered as a peptide hormone, which can present a significantly different challenge in formulation engineering.

Subsequent research on developing respirable dry powder formulations of proteins has often been focusing on monoclonal antibodies. Omalizumab, a humanised IgG1k monoclonal antibody that binds to human immunoglobulin E (IgE), is another recombinant protein that was indicated for patients with moderate to severe persistent asthma. Maa et al. conducted a series of investigations on the spray drying of omalizumab into inhalable dry powders \[[@bb0725]\]. The effect of operating conditions, formulation excipients and subsequent processing conditions on protein stability, powder morphology, powder aerosol performance and powder residual moisture has been evaluated \[[@bb0730], [@bb0735], [@bb0740], [@bb0745], [@bb0750]\]. Amino acids \[[@bb0755],[@bb0760]\], sugars \[[@bb0765], [@bb0770], [@bb0775], [@bb0780], [@bb0785]\] \[[@bb0790]\], surfactants \[[@bb0440],[@bb0795]\], cyclodextrin \[[@bb0800],[@bb0805]\] and polymers \[[@bb0810]\] are examples of excipients used to promote protein stability and improve powder characteristics. Faghihi et al. characterised and optimised an inhalable powder formulation of IgG antibodies by a design of experiment approach on the levels of three excipients (cysteine, trehalose and tween 20) \[[@bb0815]\]. Utilising an ovalbumin-challenged mice model, the group later demonstrated that the bioactivity of infliximab was preserved upon spray drying as reflected by a reduced TNFα (tumour necrosis factor alpha) secretion in lung tissues \[[@bb0820]\]. As an alternative to SD, SFD has gained popularity recently \[[@bb0785],[@bb0805]\]. Monoclonal antibodies like omalizumab and adalimumab has been formulated into inhalable dry powders by SFD technique \[[@bb0725],[@bb0760]\]. The presence of amino acids leucine or phenylalanine helped retaining adalimumab stability during SFD and over a 3-month storage under accelerated conditions. Excipients and preparation methods used to prepare dry powder formulations of protein were summarised in [Table 3](#t0015){ref-type="table"} .Table 3Excipients and preparation methods used to prepare powder formulations of proteins relevant for pulmonary delivery of CRISPR/Cas9.Table 3ProteinsExcipientsPreparationReferenceIgG1MannitolSD\[[@bb0770]\]IgGCysteine, phenylalanineSD\[[@bb0755]\]IgG1, trastuzumabβ-cyclodextrin; hydroxypropyl- β-cyclodextrin, trehaloseSD\[[@bb0775],[@bb0800]\]IgGCysteine, trehalose, tween 20SD\[[@bb0815]\]IgGMannitol, trehaloseSD\[[@bb0860]\]IgGβ-cyclodextrin; hydroxypropyl- β-cyclodextrin, mannitol, trehaloseSFD\[[@bb0805]\]IgGLactose, mannitol, trehaloseSFD\[[@bb0785]\]InfliximabCysteine, trehalose, tween 20SFD\[[@bb0820]\]AdalimumabLeucine, phenylalanineSFD\[[@bb0760]\][^3]

To date, there has been no published study on the preparation of Cas9 nuclease into inhalable dry powders. Cas9 nuclease has a bilobed structure comprising a target recognition lobe and a nuclease lobe \[[@bb0825]\], and is morphologically different to monoclonal antibody that consists of two pairs of light chains and heavy chains in an Y-shape formation. The size of Cas9 nuclease (from *Streptococcus pyogenes*, SpCas9) is 162 kDa, and is larger than that of monoclonal antibodies which typically ranges between 140 and 150 kDa. While the optimal formulation design in fabricating proteins into inhalable powders is largely dependent on the physicochemical properties of the proteins, existing knowledge and experience with monoclonal antibodies can still shed some light on formulating Cas9 nuclease into powder formulations for pulmonary administration. For instance, functional excipients to enhance the physical and chemical stability of amorphous proteins can be harnessed to improve the properties of the powder formulations for Cas9 \[[@bb0830]\]. Such extrapolation of engineering strategies is also expected to be applicable for formulations of pDNAs and mRNAs. Critically, the distinction of the physicochemical properties, such as size and zeta potential, between the CRISPR/Cas9 cargoes or the cargoes-delivery vector assemblies, and those that have been reported on other biomolecules must be observed and rational adaptation has to be exercised. The size of CRISPR/Cas9 cargoes, as well as model genes and proteins that are commonly used for formulation development in the aforementioned formulation studies are summarised in [Table 4](#t0020){ref-type="table"} . Most of the model biomolecules used for formulation development have a shorter sequence than the CRISPR/Cas9 cargoes, rendering the formulation of the latter more challenging.Table 4Size of different CRISPR/Cas9 cargoes and model biomolecules commonly used for formulation development.Table 4BiomoleculesCRISPR/Cas9 CargoSizeModel biomoleculeSizePlasmid DNASpCas9 plasmid\~ 7 to 10 kbgWIZ™-GFP5.8 kbgWIZ™-Luc6.7 kbpCMV-βGal7.2 kbpCMV-CAT4.8 kbpCMV-Luc5.6 kbpEGFP-N14.7 kbRNASpCas9 mRNA\~4500 ntEGFP mRNA\~1000 ntcrRNA\~40 ntFirefly luciferase mRNA\~1900 nttracrRNA\~70 ntsgRNA\~100 ntProteinSpCas9162 kDaHuman insulin5.8 kDaFilgrastim19 kDaDornase alfa37 kDaBovine serum albumin66.5 kDaAdalimumab148 kDaInfliximab149 kDaTrastuzumab146 kDa[^4]

5. Conclusion and prospective {#s0065}
=============================

Inhalation delivery of CRISPR/Cas9 as an aerosol is a manifold challenge, demanding a holistic consideration and engineering in the CRISPR/Cas9 cargoes and the accompanied delivery vector, the formulation and its manufacture, the dose required and the aerosol performance and biochemical stability (including long-term storage) of the delivery platform. Undoubtedly, these factors substantially interact with each other, and the selection of them will be affected or dictated by other factors, depending on the priorities of the formulation. For instance, the dose of the CRISPR/Cas9 therapeutics is dependent on the cargoes used, and in turn by the extent of control over Cas9 expression one has to achieve, as cargoes that rely on cellular transcription will result in a less predictable Cas9 activity compared to direct administration of nuclease. The dose will also be affected by the delivery efficiency of the vectors and will be limited by the capacity (such as the extent of mechanical stress exerted on the biomolecules during manufacturing / aerosolization and the drug payload) of the delivery platform. However, inhalation formulation and delivery technology has advanced rapidly over the past 25 years. What have been learned about aerosol delivery of biological molecules such as genes and proteins can be adapted and optimised for delivery of CRISPR/Cas9 therapeutics. A proof-of-concept study of CRISPR/Cas9 has already confirmed the feasibility of its delivery by nebulisation \[[@bb0070]\]. As the potential in CRISPR/Cas9 genome-editing tool has just been unveiled, its applications for pulmonary diseases are expected to expand. There are already investigations with propitious outcomes on using CRISPR/Cas9 for re-sensitising bacteria to resistant antibiotics \[[@bb0835],[@bb0840]\], for use as a direct antibacterial agent \[[@bb0845]\] or for modifying and improving the host range and bactericidal activity of bacteriophages \[[@bb0835]\]. This opens a new research space for scientists to attempt many pulmonary delivery strategies involving solution formulation properties, formulation excipients, particle engineering, powder formulation properties and aerosol devices for administration of CRISPR/Cas9. Liquid formulations for nebulisation may be highly preferred during initial clinical investigation, for patients with severely compromised lung functions or in paediatric patients. However, the strengths and limitations of liquid and dry powder formulation are primarily contextual and complementary to each other. The same is true for the different CRISPR/Cas9 cargoes available, that in turn will inevitably affect the choice of delivery system and formulation. For aerosol delivery, the CRISPR/Cas9 formulation and the aerosol device (*i.e.* nebulisers or dry powder inhalers) for administration are coupled and are to be developed as an integrated delivery platform. Bioactivity and safety using appropriate *in vivo* models are indispensable for inhalation therapy \[[@bb0850]\], which are yet to be demonstrated for inhaled CRISPR/Cas9 to fully realise the therapeutic potentials of CRISPR/Cas9 for lung diseases. Development of novel inhalable CRISPR/Cas9 therapeutics for lung diseases also needs careful consideration beyond the choice of the delivery technology. A key factor is the patient-device interface, including patient characteristics, disease type, states and severity, therapeutic strategies, treatment cost, indications, site of delivery, dosage, and dosage regimen. In addition, knowledge on the potential impacts of aerosolised CRISPR/Cas9 therapeutics to the environment and unintended exposure to people has been scarce, yet such an understanding is essential should the inhaled form of CRISPR/Cas9 be translated to clinical use. Last but not the least is the commercial and pharmacoeconomic aspect as developing new products of CRISPR/Cas9 therapeutics depends on the stage of product development, competition, and alternative treatments available in the market, health-care providers and health cost reimbursement arrangement. It is worth to note that genome-editing therapeutics may become the most cost-effective treatment approach if it indeed can correct the underlying disease cause without the need for repeated treatments.
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[^1]: DC-Chol: 3β-\[N-(N′,*N*′-dimethylaminoethane)-carbamoyl\]-cholesterol; DHDTMA: 1-propanaminium, *N*,*N*,*N*-trimethyl-2,3-bis(11Z)-hexadecenyloxy)-chloride, DMPE-PEG~5000~: dimyristoylphosphatidylethanolamine-N-\[poly(ethylene glycol) 5000\]; DMRIE: 1,2-dimyristyloxy-propyl-3-dimethyl-hydroxy ethyl ammonium bromide; DOPE: dioleoylphosphatidylethanolamine; hPBAEs: hyperbranched poly(beta amino esters).

[^2]: DOTAP: N-(2,3-Dioleoyloxy-1-propyl)trimethylammonium methyl sulphate; EGFP: enhanced green fluorescent protein; Luc: luciferase; PAsp(DET): poly(N-(N-(2-aminoethyl)-2-aminoethyl)aspartamide); PEG: polyethylene glycol; PEI: polyethyleneimine.

[^3]: IgG: Immunoglobin G

[^4]: The approximate molecular weights of 1 kb (kilobase) of double-strand DNA and 100 nt (nucleotides) of single-strand RNA are 608 kDa and 32 kDa, respectively.
